Background: Frailty is a risk factor for cardiovascular disease (CVD). Underlying mechanisms to explain the connection between frailty and CVD are unclear. We sought to examine the association between frailty and arterial stiffness, a precursor of hypertension and CVD. Methods: We conducted a cross-sectional analysis of community-dwelling Framingham Heart Study Offspring and Omni participants ≥60 years of age examined in [2005][2006][2007][2008]. Frailty was defined primarily according to the Fried physical phenotype definition, which identifies nonfrail, prefrail, and frail individuals. Arterial stiffness was assessed using carotid-femoral pulse wave velocity (CFPWV). Generalized linear regression was used to examine the association between frailty level and CFPWV (modeled as −1000/CFPWV in msec/m, then transformed back to the original scale, m/s), adjusted for age, sex, cohort, mean arterial pressure, heart rate, height, and smoking. Results: Of 2,171 participants (55% women, 91% white), 45% were prefrail and 7% were frail. Mean ages were 67, 70, and 73 years, and adjusted CFPWV least squares means were 10.0 (95% CI, 9.9-10.1), 10.3 (10.2-10.5), and 10.5 m/s (10.1-11.0); p = .0002 for nonfrail, prefrail, and frail groups, respectively. Results were similar using the Rockwood cumulative deficit model of frailty, and in a sensitivity analysis adjusting for prevalent coronary heart disease and diabetes. Conclusions: Prefrailty and frailty were associated with higher arterial stiffness in a cohort of community-dwelling older adults. Arterial stiffness may help explain the relationship between frailty and CVD.
. Frailty is a common age-related syndrome that is associated with poor health outcomes (4) and both prevalent and incident CVD (5) . Emerging evidence suggests that frailty is a risk factor for CVD, even after accounting for subclinical atherosclerosis (6) . Conversely, CVD risk factors and risk scores may also predict frailty (7, 8) .
Essential hypertension is closely associated with aging and frailty (9) . However, hypertension is no longer considered a natural consequence of aging, as is evidenced by small groups of hunter-gatherers who do not develop hypertension (10) . Furthermore, hypertension may be postponed or prevented through healthy lifestyle choices (11) . Arterial stiffness shares a bidirectional relationship with hypertension (12) and is an established risk factor for CVD that increases with age (13-15) but does not develop uniformly in all older adults (11, 16) . That some older adults "escape" age-associated deficits whereas others become frail reflects the heterogeneity of biological aging. However, evidence on relations between levels of frailty and arterial stiffness is limited and conflicting (9, (17) (18) (19) .
Therefore, we sought to examine the cross-sectional association between levels of frailty and arterial stiffness in a sample of community-dwelling older adults using two established theories of frailty. We hypothesized that higher levels of frailty would be associated with higher arterial stiffness.
Methods

Study Sample
The Framingham Heart Study is a multigenerational study that began in 1948 to investigate CVD in the community. The current study investigates the Offspring cohort, the children of the Framingham Heart Study Original cohort, and the Offspring spouses who were enrolled in 1971 and have been examined every 4 to 8 years (20, 21) . In 1994, a racially and ethnically diverse Omni group 1 cohort (n = 506) was recruited to the Framingham Heart Study, and these participants have been examined with Offspring cohort participants. Offspring and Omni Cohort participants seen at Exam 8/Exam 3 (2005-8) were eligible to participate (n = 3,021 Offspring, n = 298 Omni). These cohort protocols have been published previously (21, 22) .
Our study sample exclusions are outlined in Supplementary Appendix A. Individuals <60 years (n = 834) were excluded as frailty before 60 years is uncommon, and when it occurs is generally a result of a specific underlying cause of accelerated aging, such as HIV (23) . A total of n = 130 individuals missing either >4 items necessary for the Rockwood frailty index (FI) or >1 item for the Fried physical phenotype or both were excluded. In order to focus on community-dwellers, participants examined off-site in nursing homes or personal residences were excluded (n = 9). We further excluded those missing arterial tonometry data (n = 151) or covariates (n = 24) used in the multivariable models. The Offspring and Omni examination included detailed medical history, measures of physical function and performance, cognitive function, and vascular function by trained study personnel. All study participants provided informed consent to participate in this study. All protocols were approved by the Institutional Review Board at Boston University Medical Center.
Frailty Definitions
There are currently two leading theories on how to define frailty. Fried and colleagues operationalized the five-item physical phenotype that consists of five interrelated measures of physical function (3). This has been used previously in the Framingham Offspring cohort (24) . Individuals are frail if they have at least three of the following: unintentional weight loss of ≥10 lbs in the past year, selfreported exhaustion, weakness as measured by grip strength, slow walking speed, and decreased physical activity. Physical activity was assessed using the Framingham Physical Activity Index, which creates a weighted score from self-reported time spent in activities during a routine day (24) . Those with 1-2 deficits are considered prefrail, and 0 deficits are nonfrail. This definition was used for the primary analysis.
Rockwood and colleagues conceived of frailty as the accumulation of health-related deficits over time (25) . The Rockwood cumulative deficit FI can be created using a minimum of 30 variables related to cognition, physical function, mood, and morbidity that are readily available in many existing datasets (26, 27) .
We used 37 variables available in the Framingham Heart Study database to build a Rockwood FI. Adjudicated outcomes were used for prevalent CVD (including myocardial infarction, stroke, and heart failure), cancer, fractures, and dementia reports. Self-reports of functional and emotional status were taken from validated questionnaires (eg, Katz Activities of Daily Living and Short Form-12). Binary variables were coded as 0 and 1 to indicate absence or presence of the variable, with a higher number representing a deficit. Variables with three responses were graded as 0, 0.5, and 1, and those with five responses were graded as 0, 0.25, 0.5, 0.75, and 1, with higher values indicating poorer rating of health. Frailty indices for each individual were calculated by dividing the numbers of accumulated deficits by the total number of possible deficits (28) . Categories were created according to established cutoffs in community-dwelling cohorts to match the Fried physical phenotype: nonfrail (0-0.1), prefrail (>0.1-0.21) and frail (>0.21) (27, (29) (30) (31) (32) . (See Supplementary Appendix B for further FI details.) The Rockwood FI was used both as a categorical and continuous variable as a sensitivity analysis.
Tonometry
To evaluate arterial stiffness, we measured carotid-femoral pulse wave velocity (CFPWV). Arterial tonometry measurements in Framingham have been described in detail previously (14, 33) . Briefly, recordings were obtained on the right side of the body after participants rested supine for at least 5 minutes. The following were measured in order: resting blood pressure and tonometry with simultaneous ECG at the brachial, radial, femoral, and carotid arteries. For each artery, transit distances from the suprasternal notch were measured. Waveforms of carotid and femoral pressure were used to calculate CFPWV. To correct for parallel transmission, the distance from suprasternal notch to carotid artery was subtracted from the distance from suprasternal notch to femoral artery.
Covariates
Demographics, including age, sex, cohort (Offspring or Omni), selfreport of education, employment, retirement status, and marital status were examined. Smoking was assessed as never, former, or current. CVD events were adjudicated. Diabetes was defined as fasting blood glucose greater than 125 mg/dL or use of oral hypoglycemic medications or insulin. Hypertension was defined as the mean of two physician-obtained blood pressures ≥140 or ≥90 mmHg at exam visit or use of antihypertensive medication. Mean arterial pressure was calculated by integration of the calibrated brachial pressure waveform.
Statistical Analysis
We compared the distribution of frailty according to the Fried physical phenotype and Rockwood FI definitions using a weighted Kappa statistic. We stratified the population into nonfrail, prefrail, and frail categories by each frailty definition and performed survival analysis to predict mortality within each frailty group using Kaplan-Meier curves.
CFPWV values were highly skewed. We transformed the values to −1000/CFPWV to reduce skewness and retain the interpretation that higher values indicate greater stiffness. Generalized linear regression was used to examine the association between frailty level and transformed CFPWV. Models were adjusted for age, sex, cohort, mean arterial pressure, height, heart rate, and smoking status based on a priori knowledge of variables that are associated with arterial stiffness (14) . Generalized estimating equations were used to account for familial correlation, using the R package geepack (34) . We performed a two degree of freedom test of whether the covariateadjusted means in the three frailty categories differed, where a significant test would indicate at least two categories are significantly different. This single omnibus test was chosen to avoid issues of multiple testing.
Additional sensitivity analysis was performed to adjust for prevalent diabetes and coronary heart disease (CHD), two components of the 37 items in the Rockwood FI. Additional sensitivity analysis excluded the 44 individuals who were missing only one item for the Fried definition. A two-sided p value of <0.05 was considered statistically significant. Least squares means were estimated using R package doBy (34) , and the means and 95% confidence bounds were transformed back to the original scale (CFPWV in m/s). Analyses were done using SAS 9.3 and R 3.3.
Results
There were 2,171 participants (55% women, 93% white) with complete tonometry data and sufficient information to calculate a Fried physical phenotype and Rockwood cumulative deficit FI. Age rose steadily across categories of frailty, as did rates of retirement, widowed marital status, current smoking status, CHD, diabetes, and hypertension, although mean arterial pressure remained flat. (Table 1) The racially diverse Omni cohort represented only 7% of the cohort and generally had similar distribution of covariates (Supplementary Appendix C). Using the Fried FI, 45% were prefrail and 7% were frail, whereas using the Rockwood FI, 40% were prefrail and 22% were frail. These observations are consistent with prior reports of communitydwelling older adults (3, 27, 29) . Distributions of the Rockwood FI and Fried FI are shown in Supplementary Appendix B. Agreement between the two definitions of frailty was modest (weighted Kappa 0.36). Both men and women identified as prefrail or frail using either frailty definition were at increased risk for mortality (p < .0001, Supplementary Appendix D: KM survival plots).
Mean CFPWV was higher according to frailty category using both frailty definitions (Table 1) . Adjusted CFPWV least squares means also were higher for higher frailty categories using either frailty definition (Table 2) . We further stratified the cohort at the median age (69 years) and found higher CFPWV with higher level of frailty in both age strata, shown in Figure 1A . A similar pattern was seen when dichotomized by sex ( Figure 1B and C) . There was no evidence for interactions between age or sex and frailty level in the multivariable-adjusted model (p > .1). Shown in Supplementary Appendix E is a series of nested models demonstrating that beyond age and sex, the covariates in the main model had a modest effect on the estimates and p values for frailty defined by Fried phenotype or the Rockwood FI. Results remained similar in sensitivity analyses adjusting for prevalent diabetes, CHD, and both diabetes and CHD (Table 3) , although using the Rockwood definition, significance was lost after adjusting for both CHD and diabetes. Results excluding the 44 individuals missing one item for the Fried FI (2% of the cohort) had no substantive effect on the results.
Discussion
In our moderate-sized cross-sectional study of community-dwelling older adult participants in the Framingham Heart Study, we found that higher mean levels of frailty were associated with higher levels of arterial stiffness. The association was observed using both of the leading definitions of frailty, even though each definition identified different risk groups, and persisted after stratifying by age and sex.
Frailty and CVD share a common underlying pathobiology that includes changes in endocrine, hematologic, and immunologic systems (2,4). In particular, elevated levels of C-reactive protein, interleukin-6, D-dimer, factor VIII, and insulin resistance have been identified to explain the bidirectional relationship between frailty and clinical CVD (2, 35) . However, the association between inflammatory markers and frailty in longitudinal studies remains inconclusive (36) . These pathophysiologic changes of aging, so-called inflamm-aging, lead to the clinical syndromes of frailty and CVD (37, 38) and underlie the pathophysiology of arterial stiffness as well (39) . Furthermore, sarcopenia, or age-related muscle loss, and an element of frailty that is also associated with CVD have been shown to be associated with increasing arterial stiffness in cohorts of Japanese older adults (17, 40) .
We specifically chose to examine the association between frailty and arterial stiffness using the two leading theories of frailty because each is derived from a different conceptual framework of frailty (4). The Fried phenotype focuses primarily on function and is therefore considered a more specific measure of frailty (3). The Rockwood FI, on the other hand, incorporates age-related deficits across the spectrum of health, including cognition, function, mood, and morbidity (25) , addressing the concept of immunologic changes across body systems. The Rockwood method has been criticized for being too inclusive and not differentiating between frailty, disability, and morbidity (41) . Furthermore, in studies using the Rockwood FI, there is a theoretical risk of over adjustment due to endogeneity when variables included in the FI are also adjusted for in the model. This may be evident in the sensitivity analysis that adjusted for diabetes and CHD.
Although it can be challenging to directly compare prevalence of frailty across cohorts as different definitions of frailty are used and the characteristics of the cohort (eg, age, sex) are often different, the prevalence of frailty in our study was consistent with other community-dwelling cohorts, using each definition of frailty. In the original Cardiovascular Health Study cohort used to develop the Fried phenotype, the prevalence of prefrailty was 46% and frailty was 7% (3). The Rockwood FI is often used as a continuous model; however when stratified, the prevalence of frailty in cohorts of similar age (≥60 years) is near 20% (27, 29) . In cohorts that have included individuals aged 50 and older, such as NHANES data and the SPRINT trial, the prevalence of frailty was higher than we found in Framingham using the Rockwood criteria, ranging from 27% to 34% (29, 32) .
Moreover, because the Rockwood FI is more inclusive than the Fried Phenotype, due to the large number of variables included (27, 32, 42) , prior studies have demonstrated that the Rockwood method is more robust than the Fried in identifying risk of mortality (43, 44) . In the main analysis examining the relationship of stiffness and frailty in our study, we found that using the Rockwood definition, the nonfrail and frail 95% CIs do not overlap, whereas for the Fried definition, these 95% CIs do overlap. This is likely due to the small number of participants defined as frail using the Fried criteria. The trend for both indices is that higher levels of frailty are associated with higher arterial stiffness. However, that we found a similar overall relationship between frailty and arterial stiffness regardless of definition used speaks to the value of using any of the leading definitions of frailty in population studies in order to Note: LS = least squares. *Adjusted for: age, sex, cohort, smoking, mean arterial pressure, heart rate, and height. † Two degrees of freedom test of whether the covariate-adjusted means in the three frailty categories differed, where a significant test indicates at least two categories are significantly different.
elucidate relationships between frailty and CVD. By using these two leading theories to define frailty, we were able to shed light on important relationships between frailty levels and arterial stiffness.
Additionally, our results demonstrated that even in those aged 60-69 years, an important age range to consider preventive strategies for CVD, participants who were identified as prefrail or frail had higher CFPWV than the nonfrail group. Whether the effect sizes that we identified between the levels of frailty and CFPWV are clinically relevant are unknown at this time as CFPWV remains a research tool. However, our results provide intriguing preliminary findings to begin to inform underlying potential mechanisms to explain the bidirectional relationship between frailty and clinical CVD.
Our results are consistent with those found in the Atherosclerosis Risk in Communities Study, which examined cardiovascular function and frailty in 3,991 community-dwelling adults (19) . Using the Fried frailty definition, 5.3% of participants were identified as frail. Vascular dysfunction was defined with a composite of CFPWV of >13 m/s or ankle-brachial index <0.9. Compared with those who were not frail, the odds ratio for frailty in those with vascular dysfunction was 1.44 (95% CI, 1.06-1.95, p < .05). However, only one frailty definition was examined, prefrail and nonfrail individuals were grouped together, and the composite measure of vascular function represented a mixture of atherosclerosis and stiffness measures. In the Cardiovascular Health Study, 6% of 4,735 participants were identified as frail using the Fried criteria and those with an anklebrachial index <0.8 or 0.8-0.9 had twofold higher odds of being frail (9) . As in the Atherosclerosis Risk in Communities study, the prefrail group was combined with the nonfrail category, whereas CFPWV was not available. In our study, tonometry data were used to derive the gold standard for arterial stiffness measurement (CFPWV), and the cohort was separated into nonfrail, prefrail, and frail categories to better examine the relationship between levels of frailty and arterial stiffness.
Smaller studies in select samples have provided conflicting results. In contrast to our findings, in a cohort of 117 participants (median age 79) in Rotterdam, no association was found between frailty, defined according to Fried, and aortic stiffness, with a reported PWV of 12.1 m/s in each category of frailty (18) . The Rotterdam investigation was limited by including only a small sample of older adults and lack of adjustment for important covariates. Consistent with our observations, a Japanese cohort of 496 middle-aged men demonstrated a correlation between sarcopenia (age-related muscle loss and a marker of frailty) and arterial stiffness measured according to brachial-ankle PWV (17) .
In a sensitivity analysis, we demonstrated similar findings after adjusting for prevalent diabetes or CHD. Whereas these are components of the Rockwood FI, theoretically, this is not considered overadjustment as diabetes and CHD are individual components of a 37-item equally weighted index (42) . However, in the analysis adjusting for both diabetes and CHD, the relationship between frailty level and CFPWV was no longer significant according to the Rockwood definition. This lack of significance may represent a bias toward the null through overadjustment. In the Fried definition which only includes the physical phenotype components, the relationship between frailty levels and CFPWV remains significant and only slightly attenuated relative to the main model.
Our study has several strengths. The Framingham Heart Study is a valuable cohort to study aging phenomena because of the availability of several decades of detailed information on lifestyle, function, mood, cognition, and morbidities, as well as adjudicated outcomes for CHD and mortality. The breadth of phenotype data allowed us to classify frailty according to two leading definitions. While some studies have combined vascular stiffness with anklebrachial index (measure of generalized atherosclerosis), we had access to precise measures of arterial stiffness using CFPWV, the gold standard measure of arterial stiffness in research. Limitations of our study include the observational and cross-sectional design, limiting our ability to establish causal relations, temporality, or exclude residual confounding. There may be a bidirectional relationship between arterial stiffness and frailty. Future investigation of the longitudinal relationships between frailty and CVD and examination of whether frailty is an intermediate on the pathway between arterial stiffness and CVD is needed. Second, our study focused on community-dwelling older adults and may not be generalizable to those who are institutionalized; however, such older adults are expected to have a higher burden of frailty. Third, although we included the diverse Omni cohort in our study, 91% of the overall cohort was white and that may limit the generalizability of our findings to a more diverse aging population. Fourth, both frailty definitions include self-reported items, which could be inaccurate in participants with cognitive impairment or dementia.
In conclusion, we observed that increasing levels of frailty, defined using either of the two leading models of frailty, were associated with evidence of higher arterial stiffness. Further work is needed to understand the relation between frailty and clinical CVD in order to develop tailored prevention strategies for the aging population.
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